Abstract: Et 3 N (Mn II -triethylamine) complex conjugated with binuclear Mn III -hydroxide, Mn 2 (OH) 3 Cl and similar manganese complex with Et 2 NH (diethylamine) self-assembled in aqueous solutions have been investigated by simultaneous AFM (atomic force microscopy) and SNOM (scanning near-field optical microscopy) in thin layers prepared on mica and PET (polyethylene terephthalate). The size of the particles after crystallization of the precipitated former conjugate was controlled with XRD (X-ray diffraction). It is found that the conjugate self-assembling produces the smallest grains with the diameter of 65 ± 7.5 nm measured at contact with the support. This particle size matches the crystallite size of 44.2 nm found by XRD for the conjugate taking into account the particles deformation under the contact with the support. The self-assembly of the smallest particles in solution has produced non-transparent for light core observed on mica with the size varied between 300 to 400 nm. The latter occurs due to hydrophobic interactions since no core of the former conjugate has been found on hydrophobic PET surface. No submicroscopic core is also found in the case of similar conjugate with Mn II -Et 2 NH complex on PET film and mica both.
Introduction
Various means of microscopy including such as simultaneous AFM (atomic force microscopy) and SNOM (scanning near-field optical microscopy) play important role in comprehensive characterization of nanomaterials providing their visualization [1] [2] [3] [4] . The simultaneous optical scanning together with the topography probing provides useful appropriate image exhibiting further morphology details of a supramolecular structure. SNOM was previously called photon STM (scanning tunneling microscopy) since it reflects the main feature, when the light penetrates through aqueous covers of hydrated substance revealing substantial details on the surface. Thus, it complements submicroscopic techniques of AFM that records topography of a rough surface. Therefore, AFM-SNOM as a photophysical tool admits the local identification of different species in minute quantities prepared in thin layers and the surface Corresponding author: Alexander Vasil'evich Udal'tsov, Ph.D., researcher, research field: materials science engineering.
hydration [5, 6] . As a result, this photophysical tool is widely applied in biology, photochemistry, and material science.
The scanning probe microscopy is also useful for the study of self-assembled structures producing nanorods, nanosheets, nanocrystals, and so on [7] [8] [9] [10] . It is interesting that the crystallization of self-organized assemblies of mono-protonated TPP (meso-tetraphenyl-porphine) dimers in thin layers, which contain the confined water, has own remarkable features as found earlier by AFM [11] . Among different Mn-based complexes, the complex formed by Mn II and Et 3 N has exhibited unordinary behavior since this complex is involved in the conjugate with binuclear Mn III hydroxide [12] . Earlier our studies of manganese complexes with aliphatic amines, Et 2 NH and Et 3 N were carried out by electronic and infrared spectroscopy and scanning probe microscopy [13, 14] the interaction between the ligands resulting in the hydrogen bonding [12] . Thus, further study of these molecular systems produced after the interaction between MnCl 2 and Et 3 N (or Et 2 NH) by simultaneous AFM-SNOM in combination with X-ray diffraction should clarify details of the compounds self-assembling, the results of which are reported in the present paper. 
Experimental Section

Isolation of Mn II -NEt 3 Complex and Crystallization
The liquid over the white-gel precipitate obtained after its separation by centrifugation was slowly evaporated at room temperature during two weeks until its color became yellow-green. Then the crystallization of this viscous solution produced manganese containing yellow-green crystals, which were analyzed by IR spectroscopy and XRD. X-ray diffraction pattern of the yellow-green crystals has exhibited characteristic intense diffraction lines with d(Å) = 4.37; 3.29; 2.62, and 2.18 equally distanced via 2Θ = 6.9° ± 0.2° from each other. According to X-ray fluorescence analysis with an analyzer Mesa-500W (Horiba, Japan) and IR spectra its formula was found to be [Mn 2+ (Et 3 N) 3 3 according to X-ray diffraction analysis [12] . The other main part of the powder has been identified with the Mn II -NEt 3 complex isolated from supernatant according to characteristic set of diffraction lines equally distanced via 2Θ = 6.9° ± 0.2° from each other in the diffractogramme [12] .
Simultaneous AFM-SNOM and X-ray Diffraction
Simultaneous AFM-SNOM probing was applied in shear force mode with the equipment described in Ref. [16] . Light beam of argon laser emitting at 488 nm and spreading through an optical fiber was the light source. The feedback signal obtained from AFM setup was used for SNOM imaging. The variations of the light reflected back to the fiber of SNOM setup under the shear-force AFM control provide building up of SNOM image point by point. The tip was pulled with a Sutter Instrument, Model P-2000 Quartz Micropipette Puller [17] . Quartz glass tips with end radii of approximately 10 nm were applied to probe samples.
Detailed description of AFM-SNOM measurements can be found elsewhere [16] .
Analysis of samples by XRD was carried out with the use of a DRON-2 diffractometer, which has the Cu anticathode with K α1 line radiation (λ = 1.54051 Å). An estimate of the smallest in size particles, which were non-transparent for light in SNOM images, was performed for the particles by measurement of their diameter at contact with mica or PET surface. Thus, two modes of the particle diameter (d s ) measurement with the use of the cross-sections were applied to evaluate their size as displayed in Fig. 1 . The resolution of the measurements has been defined using the cross-sections too, the smallest distance (d min ) between the neighboring dots in the profiles gave d min = 10.3 ± 0.06 Å with the reliability of 99%.
Thus, the resolution of the images obtained by simultaneous AFM-SNOM allowed to evaluate the size of the smallest particles settled down on the surface of mica or PET.
Results and Discussion
Simultaneous AFM-SNOM of Conjugated Mn
III -Hydroxide and Mn
II -NEt 3 Complex in Thin Layer
The interaction between Et 3 N and MnCl 2 in alkaline aqueous solution results in the complex with formula [Mn 2+ (Et 3 N) 3 [12] . Two different types of the particles self-assembled in the solution are usually observed by simultaneous AFM-SNOM, typical images of the first type particles are displayed in Fig. 2 . Like for the particles formed by the complex of diethylamine and MnCl 2 [18] these particles of submicroscopic proportions observed by AFM are completely transparent for the light in the corresponding SNOM image. Detailed analysis of the particles of this type shows up very tiny non-transparent particles with the size of 65.1 ± 7.5 nm marked by an arrow in SNOM image of Fig. 2 . The size of the particles has been evaluated with the reliability of 99%. The smallest particles like those displayed in the cross-section in Fig. 2A or 2B are suitable for the size measurement, while the other particles contacting to each other usually lose their spherical shape.
The second type particles demonstrate the non-transparent for light core seen in the SNOM image in Fig. 3 , the size of which was found within 300-400 nm at the half of the height [18] like that shown in the cross-section in Fig. 3A . In this case the smallest particles contacting with mica marked in the SNOM image and the cross-section in Fig. 3B are ranged in the 65.1 ± 7.5 nm interval with the reliability of 99%. The other particles contacting to each other lose their shape and form the body of the non-transparent compact core. Thus, the larger size particles and the submicroscopic core of 300-400 nm size have been self-assembled in the solution from the smallest grains that have diameter (d s ) ca. 65 nm at the contact with mica surface.
Crystal precursor before the crystallization in thin layer usually has plasticity parameter (σ) approximately 0.3 that has been found for microcrystal precursors of mono-protonated meso-tetraphenyl-porphine dimers self-organized into domain in thin layer due to the presence of confined water [11] . Such a low plasticity usually takes place because the precursor's inner structure, which has been self-organized in solution, is almost not deformed under contact with the support but only an aqueous cover of the particle. The plasticity parameter of a particle is defined by Eq. (1), where d s is the particle diameter at the surface contact and d es is the diameter of the equivalent sphere [19] . 3 with the aqueous coordination shell, has mainly occurred in the solution due to the hydrogen bonding [12] and more likely hydrophobic interactions too. The latter play the determinative role in the larger particles selfassembling and the submicroscopic core, which is retained on hydrophilic mica surface as displayed in Fig. 3 . However, no compact core was found when the thin layers were prepared on PET film, which is shown in Fig. 4 . Therefore, in the latter case the core is destroyed on hydrophobic polyethylene terephthalate surface that contains the hydrophobic phenyl rings. So that the cross-sections demonstrate surface profiles like those found for Et 2 NH-MnCl 2 complex, which did not exhibit the core on hydrophilic mica surface because of the large hydration of this complex [18] . The smallest grains found under contact with PET film more likely consisting of the same conjugate because of its formation due to the hydrogen bonding, prefer to contact with the hydrophobic PET surface during the layer preparation. Thus, the separation of hydrophobic and hydrophilic surfaces has been destroyed and no ordered structure was found in the layers prepared on PET film.
Hence, the comparison of the images obtained on hydrophilic mica and hydrophobic PET surfaces allows to conclude that the non-transparent smallest grains self-assembling occurred due to the hydrogen bonding that dominates on the shorter distances. While the larger particles self-assembling including the compact submicroscopic core took place in the aqueous solution due to hydrophobic interactions. So that on hydrophilic mica surface, the core self-assembled from the smallest grains consisting of the Mn III /Mn II -based compounds prefers to stay in the intact form due to hydrophobic interactions between the grains.
Simultaneous AFM-SNOM of Mn III /Mn II -HNEt 2 Complex in Thin Layer
As reported earlier no compact core has been found for the complex formed in the result of the interaction between manganese chloride and diethylamine [18] . In this case the doublet at 1,046, 1,062 cm -1 of the complex, which is arisen from proton sharing in the C-N(H It follows from that the characteristic doublet responsible for proton sharing is shifted to the inherent frequency of ν(O-O) at 1,158 cm -1 observed in infrared spectra [18, 20] . It usually occurs at early steps of the interactions in the presence of dioxygen in solution until Mn III is not oxidized yet. Thus, the smallest grains, the size of which falls in the 65 ± 7.5 nm interval observed in SNOM image of Fig. 5 , are more likely formed due to the hydrogen bonding too. This suggestion relatively to the hydrogen bonding under the self-assembly in solution is supported by similar smallest grains found in SNOM images of the layers of the same compounds prepared on PET film as displayed in Fig. 6 . In this case, no compact submicroscopic core surrounded by the transparent for light aqueous cover is also found.
Thus, simultaneous AFM-SNOM of self-assembled compounds in thin layers prepared on hydrophilic mica surface and hydrophobic polyethylene terephthalate film can be successfully used to testify the self-assembly due to hydrophobic interactions. It is actually possible because the structuring with the hydrophobic phase separation occurs in solution that results in the formation of supramolecular structure covered by an aqueous coating. This way allows to observe the intact structure on hydrophilic mica surface like that found for the Mn II -NEt 3 complex conjugated with kempite structural analog.
X-ray Diffraction of Mn III -hydroxide Conjugated with Mn II -NEt 3 Complex
As mentioned above the white-gel precipitate is the conjugate formed between kempite structural analog, Mn 2 Cl(OH) 3 and complex including hydronium ion, [Mn 2+ (Et 3 N) 3 after the crystallization of the molecular conjugate producing white-gel precipitate in solution can be estimated with the Scherrer's formula, (2) using the most intense diffraction lines displayed in Fig. 7 .
, where, λ is the X-ray wavelength (1.54051 Å), β is the full width at half maximum and θ is the Bragg's angle in radians both.
With θ = 0.1770 rad ( . Thus, the sum of two latter crystallite sizes (30 + 14.5 = 44.5 nm) matches D hkl = 44.2 nm of the conjugate that just means the both compounds are compatible on molecular level.
It 
Conclusions
Thus, behavior of [Mn 2+ (Et 3 N) 3 3 conjugated in solution with the formation of the smallest particles of 65 ± 7.5 nm size observed by simultaneous AFM-SNOM is found independent on hydrophobic/hydrophilic surface of the support because of the self-assembling due to the hydrogen bonding. While the further self-assembling of the smallest particles producing submicroscopic compact core that is non-transparent for light in the SNOM image is found dependent on hydrophilic mica surface and hydrophobic polyethylene terephthalate. In fact, on the latter surface, the smallest particles prefer to contact to hydrophobic surface that caused the submicroscopic compact core destroying. In contrast, similar compounds in the case of the complex with diethylamine, which is unable to form hydrophobic surface in aqueous solution, produce only the smallest particles of approximately the same size. Thus, simultaneous AFM-SNOM of the layers prepared on mica and PET surface can be used to testify the nature of the interactions under self-assembling of a compound in solution.
The crystallite size of 44.2 nm obtained with the use of X-ray diffraction for the former conjugated compounds is found in an agreement with the smallest grain size, 65 ± 7.5 nm measured at contact with the mica surface taking into account the precursor deformation. Therefore, the actual size of the smallest particles in the solution is ca. 50 nm on average that is in consistent with the crystallite size of 44.2 nm taking into consideration the liquid and solid their states.
